To the best of our knowledge we here for the first time demonstrate surface enhanced Raman spectroscopy (SERS) to detect a quorum sensing (QS) signal molecule below 1 nM concentration in both ultrapure water and under physiological conditions. Based on our results, SERS shows promise as a highly suitable tool for in situ measurements of low Acyl-Homoserine Lactone (AHL) concentrations in biofilms containing QS bacteria. Signal molecules communicate information about their environment and coordinate certain physiological activities in QS systems that exist in many bacteria. SERS enables detection of different AHLs at low concentrations due to structural differences observed in the corresponding SERS spectra. Ag colloidal nanoparticles, produced by the hydroxylamine reducing method, were used for the SERS measurements. SERS spectra of C12-HSL suspended in ultrapure water and in supplemented minimal medium were collected for 5 concentrations ranging from 2 M to 0.2 nM, and a comparison between the spectra from these two media is also presented. We have been able to detect biologically relevant concentrations of AHL molecules ranging from 1 nM to 1 M using SERS.
INTRODUCTION
Quorum sensing (QS) is an intercellular communication system by which some bacterial cells are capable of indirectly monitoring their own population density through exchange of signal molecules [1] . The expression of virulence factors is kept low until the population density (signal molecule concentration) reaches a threshold value, after which the host system is surprised by a stealth attack [1] . There are several different classes of signal molecules, which include Acyl-Homoserine Lactones (AHLs), autoinducing oligopeptides (AIPs), cyclic dipeptides, such as 2,5-diketopiperazines (DKPs), cholera autoinducer-1 (CAI-1), furanosyl diesters (also called autoinducer-2, AI-2), butyrolactones (GBLs), Pseudomonas quinolone signals (PQSs), and diffusible signaling factors (DSFs) [2] . Furthermore, several hundred structural variants of the basic AHL molecule have been discovered, synthesized, and characterized [2] . In our study here we have looked at the signal molecule known as N-Dodecanoyl-DL-homoserine lactone or C12-HSL, where HSL corresponds to homoserine lactone, that originates from the class of AHLs. AHLs are composed of a conserved homoserine lactone and a fatty acid side chain which can vary in length (4-18 carbon *Address correspondence to this author at the Department of Electrical Engineering, Technical University of Denmark, DK-2800 Lyngby; Tel: +45 31 15 29 15 ; Fax: +45 45 88 01 17; E-mail: anetta.claussen@gmail.com atoms), level of saturation, and side-chain (oxo-or hydroxyl-) substitutions [2] . The distribution of the AHLs inside the bacterial cell is thought to depend on two different mechanisms with the short-chain AHLs freely diffusing in/out of the cells and the long-chain AHLs using an activeefflux mechanism to transport themselves in/out of the cells [2] . Outside the cell it has been proposed that the long-chain AHLs, like C12-HSL, should not easily be able to move between cells in a diffusion-mediated manner owing to their poorer solubility relative to the short-chain AHLs [2] .
The vibrational spectroscopic techniques of infrared (IR) absorption and Raman scattering spectroscopy are both noninvasive methods that yield molecular fingerprint information and have been shown to be fast and reliable methods to detect and identify/classify bacterial cells [3] [4] [5] . A comparison of the application of the two spectroscopies can be found in Harz et al. and Kirschner et al. [4, 5] . Kirschner et al. found that there is a consistency between the two methods, both spectroscopic techniques are able to be used to discriminate accurately at the strain level, and in addition both techniques showed themselves to be superior to conventional phenotypic methods. Raman spectroscopy has furthermore been used to study the metabolic states of bacteria [6] , and the cultivation time dependence of bacterial cellular surface biopolymers [7] . In the work by Bak et al. the infrared spectra of the AHL N-butanoyl-L-homoserine lactone (C4-HSL) in the crystalline form and dissolved in 4 CCl have been measured and the IR and the Raman spectra have been calculated using Gaussian03 with the B3LYP hybrid exchange correlation functional (Kohn Sharm, density functional theory) and the cc-pVTZ basis set for the solid state cluster model (a trimer model) [8] .
In general, symmetric vibrations give the largest scattering cross section in Raman spectroscopy, while the asymmetric vibrations are the most intense in IR spectroscopy. This arises from what is known as the selection rule: bands which are strongly absorbing in the IR are weak in Raman and vice versa. For centrally symmetric molecules, there is even a mutual exclusion principle. The two techniques are often complementary, and used together, give a better view of the vibrational structure of a molecule. In the infrared, modes/bands which involve large changes in the electric dipole moment vector while in the Raman, modes/bands which involve large changes in the electric dipole -electric dipole polarizability tensor are intense.
A major limitation of Raman spectroscopy is the weakness of the Raman effect which results in very low signals, often below the limit of detection for dilute biological samples. Furthermore it suffers from a strong fluorescence background when lasers are used in the visible region which means that fluorescence from impurities or from the sample itself can mask the Raman spectrum. One can also use lasers at 632.8, 785, 833 and 1064 nm to alleviate problems due to fluorescence, but since the Raman signal is proportional to 4 the intensity is reduced. IR is much more sensitive than Raman, but its use in biological systems is very limited due to the strong absorbance of water in the fingerprint region, 500 cm 1 to 1800 cm 1 .
Since we want to measure the spectra of AHLs in aqueous solutions, Raman spectroscopy is more suited for our studies. But since we also want to study very small concentrations, in the range between 10 M and 1 nM, an enhancement of the conventional Raman scattering signal is needed. Such enhancements are known to be achieved by e.g. Surface Enhanced Raman Spectroscopy (SERS) [9] [10] [11] , Resonance Raman (RR) [12] , and Surface Enhanced Resonance Raman Spectroscopy (SERRS) [13] . Resonance Raman occurs when the frequency of the laser beam is close to the frequency of an electronic transition of a chromophore within the system under study. The enhancement is selective for the parts of the molecule involving the chromophore which adsorbs. Often fluorescence is a problem. In SERS the enhancement is a result of the plasmon resonance of the nanoparticles and even single molecules can be detected [14] . In SERS the native fluorescence associated with biological material seen in conventional Raman is suppressed. SERRS uses both the chromophore of RR and the plasmon resonance of SERS to achieve high enhancements, also here single molecules have been detected [13] . Like Raman, SERS has been applied with even greater success to bacteria samples in order to detect, identify and classify bacteria [15] [16] [17] [18] .
Pearman et al. have investigated seven different types of signal molecules (differing by acyl chain lengths and varying from 4 to 12 carbons) using SERS with silver colloids, but not in the relevant concentration range, and not under physiological conditions [19] . It was found that all spectra were similar, however, the species with acyl chain length of 4 and 6, i.e. C4-HSL and C6-HSL, differed significantly from the others. For the signal molecule C12-HSL the authors were able to detect concentrations between 10 M and 100 M, which however is too concentrated to be biologically relevant for our QS system. Our requirement is to be able to detect AHLs at concentrations at least in the nanomolar range.
The C12-HSL molecule has 12 torsion angles that have different values in the different conformations that can change in order to place itself in different possible stable conformations, see Fig. (1). The Newman projections for the first four torsion angles can be seen in Fig. (2) . Furthermore, since the molecule has a ketone group there is the possibility of keto and enol tautomerization in addition to the ring puckerings (endo and exo forms). Finally because of the asymmetric carbon (labeled with * in Fig. 1 ) the molecule can be present in L or D states (configurations). Thus there are many structural possibilities. For some of the related AHLs some preferred states have been found. In the work of Bak et al. (using quantum calculations) the presence of two stable conformations, with respect to rotation around the NC bond linking the butyryl and the lactone moieties, of C4-HSL was revealed, corresponding to endo-and exoconformations [8] , see Fig. (3). When including a contribution from a solvent medium by means of the polarized continuum model the preferred state was endo. In another work, Kim et al. investigated C6-HSL comparing quantum calculations with IR-spectroscopies, and found the preferred state also to be endo over exo [20] . In a study by Soulére et al. the focus was on the acyl chain. They investigated C14-HSL using molecular dynamics and found that the binding mode involved a curved conformation, for more information one is referred to [21] .
It has been found that signal molecules can be changed by changes in the environment such as pH, or other species Fig. (1) . N-Dodecanoyl-DL-homoserine lactone, C12-HSL, and its 12 torsion angles. being present such as nitrates, oxidating agents, and degrading enzymes [22] . Alkaline pH catalyses the AHL hydrolysis, which leads to the lactone ring opening [23] . AHLs with longer acyl chain, such as C12-HSL used in this study, tend to be more resistant to hydrolysis than their shorter chain counterparts [23] . The AHL C6-HSL was shown to convert to several oxo forms when incubated in the presence of nitrates [22] . In the same way, oxidation of AHLs with photo generated HO was shown to lead to the formation of the corresponding oxo analogues [2] . The reaction of AHLs with oxidants, including hypohalites (salt of a hypohalous acid such as hypoiodite, hypobromite, hypochlorite, or hypofluorite) and hydroxyl radicals, can result in attenuation of AHLs by oxidation and subsequent inhibition of QS [2] . AHLs without additional functional groups on the acyl chain, such as C12-HSL, have been shown to be nonreactive to added hypohalites, while all AHLs were reactive with the hydroxyl radical.
Here we show that it is possible to acquire SERS spectra of C12-HSL from 20 M down to concentrations as low as 0.2 nM. This concentration range is well within the biological concentrations found in bacteria, the threshold typically being in the nanomolar range [2] . These spectra were acquired not only in aqueous solution, but also in a solution mimicking physiological conditions. The spectra are seen not to be quantitative, they do not appear to follow Beers law for their concentrations. This requires further investigation.
MATERIALS AND METHOD

Materials
The N-Dodecanoyl-DL-homoserine lactone (C12-HSL) used in this study was purchased from Sigma-Aldrich. The molecular structure, the Newman projections for the first four torsion angles and the ring puckerings for the lactone ring (endo and exo form) can be seen in Figs. (1, 2, and 3) . A conventional Raman spectrum measured with a wavelength of 532 nm is seen in Fig. (4) . Supplementary minimal medium, ABtGcasa, was used as the physiological environment. ABtGcasa is made from ABt (B medium [24] plus 2.5 mg/l thiamine and 10% A10 [24] ) supplemented with 0.5% glucose and 0.5% Casa amino acids. Water used in the experiments was ultrapure water from the Milli-Q Ultrapure Water System. Referring to ethanol it is always ethanol 96 % .
Instrumentation
Surface-enhanced Raman spectra were recorded with the use of a frequency doubled Nd:YVO 4 laser at an excitation wavelength of 532 nm. Output power for all measurements was 250 mW. The experiments were performed with a dispersive Dilor-XY Raman spectrometer. Raman spectra were obtained using a liquid nitrogen cooled CCD using the Labspec software. The Raman spectrum of cyclohexane ( 12 6 H C ), which is an alkane widely used to calibrate Roman spectrometers since it exhibits very strong Raman lines at 801 cm -1 and 2852 cm -1 , that were used by us for calibration of the frequencies, was used for both calibration and validation in our work. The band at 801 cm -1 was used for calibration. All spectra were collected with an exposure time of 6.7 sec and averaged over 2 accumulations. No baseline or background corrections were applied to the spectra shown. Gas chromatography target vials were used to contain the samples in the SERS measurements. The target vials were made from glass to ensure minimum interference in the spectra and had a diameter of 9 mm.
Ultraviolet visible (UV-VIS) extinction data was collected using a Shimadzu UV-1800 spectrophotometer. A quartz cuvette with a path length of 10 mm was used. Fig. (2) . The Newman projections for the first four torsion angles: 1, 2, 3 and 4. Fig. (3) . The ring puckerings, the endo (a) and exo (b) forms.
Ag Preparation
The silver colloids used here for the SERS measurements were produced by reduction of AgNO 3 by hydroxylamine, following the method of Leopold et al. [25] . Under a steady stirring and at room temperature, 90 ml of 3.3 mM NaOH was mixed with 0.5 ml of 0.3 M hydroxylamine hydrochloride (HA HCl) and 10 mL of 0.01 M AgNO 3 . The reduction took place immediately and the colloids were examined by UV-VIS and checked by Scanning Electron Microscope, SEM. The extinction spectrum of the resulting Ag hydrosol can be seen in Fig. (5) . The spectral peak is found to be 405.25 = max nm and the full width at half maximum (FWHM) is measured to be 68 nm.
For nanorods and nanoparticle aggregates, the plasmon absorption splits into two bands corresponding to the oscillation of the free electrons along and perpendicular to the long axis of the rods [26] [27] [28] . Since we only have one peak we therefore assume that the particles have a roughly spherical shape. Fig. (4) . Conventional Raman spectra of N-Dodecanoyl-DL-homoserine lactone (C12-HSL) in the solid phase using a 532 nm wavelength laser, same as used for the SERS measurement. Fig. (5) . UV-VIS extinction spectrum of Ag colloids produced via hydroxylamine reduction method. A 9 times dilution is used.
The absorption maximum of the measured UV-VIS spectrum of the colloidal solution provides information on the average particle size, whereas its FWHM can be used to estimate the particle dispersion [25, 29] . For silver particles with a diameter smaller than 10 nm dipolar absorption is dominant [29, 30] and one can use the dipole approximation from Mie scattering theory to find a simple relationship between the FWHM and the radii of the particles. This approximation gives a band of Lorentzian shape. For larger radii particles, the absorption band begins to shift to longer wavelengths due to additional magnetic-dipole terms, thus the full expression of Mie's theory applies.
The extinction spectra obtained for the silver particles are quite broad with a tail on the higher wavelength side of the peak, see Fig. (5) . The tail could be due to the dipolar scattering and quadrupole absorption, and it indicates that the size range of the particles must be large [31] . Since the absorption maximum is 405.25 nm the mean diameter of the silver colloid particles can be assumed to be approximately 23 nm according to [25] which uses the same production method as this work. Also from [32] the mean diameter can be assumed to be between 20 and 24 nm. This is validated by SEM.
Sample Preparation
N-Dodecanoyl-DL-homoserine lactone (C12-HSL) is only slightly soluble in water mainly due to the hydrophobic nature of the acyl chains. Thus, we decided to dissolve the solid C12-HSL in an organic solvent and thereafter dilute it with ultrapure water. The solvent chosen had to be without significant structure in the fingerprint region of the Raman spectrum (500-1800 cm 1 ). We considered dimethyl sulfoxide (DMSO) used by Pearman et al. [19] and ethanol. Ethanol was chosen because of its weaker spectrum as compared to the DMSO spectrum. A stock solution of 10 mM was prepared by dissolving 1 mg of C12-HSL in 353 l of 96 % ethanol. A part of this stock solution was added to an eppendorf tube containing ultrapure water or ABtGcasa medium and manually shaken. The final C12-HSL concentrations ranged from 2 10 10 M to 2 10 6 M both in ultrapure water and in ABtGcasa media.
Setup and Spectra
In order to achieve the best condition, which yields highest peak intensity, optimization of the volume ratio of the sample at 2 M concentration to the colloids was carried out, using the same approach as in [33] The sample diluted in ABtGcasa medium was controlled at a pH of 6.3 due to the A-10 buffer in the ABtGcasa solution. The pH in the sample diluted in water is assumed to be approximately 7, which is the pH of the colloid solution [25] . It is known that under alkaline conditions AHLs are susceptible to hydrolysis [2] . AHLs having longer acyl-chain (C12-C14) are significantly less susceptible to hydrolysis of the lactone, the half-life for C12-HSL being between 1 (pH=9.55) and 64 hours [23] , 27 hours for a pH of 7.2. All sample solutions were measured within hours to limit any possible hydrolysis of the parent AHL.
QUANTUM LACTONE RING MODEL
Quantum chemical calculations were performed with the GAUSSIAN 09 program [34] of a simplified acyl-HSL with only two carbon atoms in the acyl chain, called C2-HSL. Three versions of C2-HSL were compared to find the energy minimum: protonation on the amide carbonyl, protonation on the lactone carbonyl and the unprotonated C2-HSL, see Fig. (6) . The LC-wPBE density functional [35] combined with the 6-31G(d,p) [36, 37] basis set were used and the energy minimum was found for the unprotonated version, see Table 1 . Fig. (6) . The optimized form of the unprotonated C2-HSL. Hence, the B3PW91 density functional [38] and the 6-31G(d,p) basis set was used to obtain the Raman spectra of the unprotonated C2-HSL, which can be seen in Fig. (7) .
The theoretical wave numbers are scaled by the factor of 0.9602 [45] and a Lorentz lineshape with FWHM = 10 cm -1 is assumed.
DISCUSSION AND RESULTS
The measured SERS spectra for C12-HSL with the range of concentrations given in the Materials and Methods section are presented in Figs (8 and 9) . In these Figures the highest concentration is depicted in the top, decreasing in concentration towards the bottom, the concentrations being Fig. (7) . The theoretical Raman spectra of the unprotonated C2-HSL. The wave numbers are scaled by the factor of 0.9602 and a Lorentz lineshape with FWHM at 10 cm -1 is assumed. The lowest spectrum is the control spectrum, that is, the spectrum of the same sample without C12-HSL. Fig. (8) shows the spectra of C12-HSL dissolved in water and Fig. (9) shows the spectra of C12-HSL dissolved in ABtGcasa.
The proposed assignment of the spectrum can be seen in Table 2 and shows all peaks observed both for the C12-HSL in water and in ABtGcasa and it is indicated at which concentrations the peaks were seen. Furthermore, Table 2 shows the positions at which we found ethanol and ABtGcasa in order to see whether these could interfere with the C12-HSL spectra. The C12-HSL spectra are dominated by contributions from the amide portion of the molecule, that is, the majority of the strong spectral bands originates from the hydrocarbon chain of C12-HSL. This was also seen in the work of Pearman et al. [19] . The vibrations attributed to the lactone ring are weak, except for the very strong vibration at 1363 cm 1 which is the CH 2 wagging vibration of the lactone ring according to the quantum chemical calculation conducted in this study and also according to Jakubczyk et al. [47] . Furthermore, the medium band seen at 1178 cm 1 is attributed to the C-O stretch of the lactone ring.
The very strong amide I band at 1650 cm 1 could also contain contributions from C=O in the lactone ring. The amide I, II, III and IV bands at 1650 cm 1 , 1573 cm 1 , 1312 cm 1 and 773 cm 1 , respectively are all clearly identifiable for C12-HSL in the water solution while the amide II and III are less pronounced for the C12-HSL spectra in ABtGcasa for all concentrations except for the highest, 20 M where they are very clear. The band for the O=C-N bending vibration at 612 cm 1 is consistently the strongest band observed in the SERS spectra of C12-HSL both for the water solution and the ABtGcasa-solution.
The control spectrum for the water solution is featureless, see Fig. (8g) . Clearly a reduction of the water background is seen, which is due to the adsorption by the silver nanoparticles. We chose to obtain spectra of C12-HSL in ABtGcasa solution, because this is a typical environment in which to grow bacteria. In this way we tested whether the solution interfered with the spectrum. A number of peaks were seen in the ABtGcasa but these peaks do not seem to dominate in the combined spectra, see Fig. (9g) . However, many of the ABtGcasa-baseline peaks are positioned in similar areas as the C12-HSL peaks; this may result in the peaks in the C12-HSL spectra dissolved in ABtGcasa having an extra contribution from the ABtGcasa media. When comparing with the water dissolved C12-HSL spectra it can indeed be seen that the amide IV band at 773 cm 1 is broader since this band coincides with a band in the ABtGcasa spectra at an identical position. Because of the enhanced fluorescence caused by ABtGcasa to the right part of the spectra, see Fig. (9) , the peaks in this part are less enhanced. Furthermore, the majority of peaks in the ABtGcasa spectra lie in this right hand-side of the spectra causing the peaks of the C12-HSL to be broader and less identifiable. When inspecting the lowest concentration ( Fig. 9g) an additional peak can be seen at the wavelength 1620 cm 1 . This is proposed to be due to the ABtGcasa contribution which has a peak at 1622 cm 1 . Why it is not present for the higher concentrations could be due to the ratio of ABtGcasa to C12-HSL being much higher for low C12-HSL concentration. There is simply a much higher risk that ABtcasa bands are enhanced. The comparison of the C12-HSL in the two solutions at the lowest concentration can be seen in Fig. (10) . In this figure the peak at 1620 cm 1 proposed to be from the ABtGcasa solution is clearly seen.
As has been mentioned the strongest band in the C12-HSL spectra is the O=C-N band at 612 cm 1 both for the water and the ABtGcasa solution. However, the strongest band amongst the amide bands differs between the two solutions. For the water solution the strongest amide band is the amide I band, while the strongest band for the ABtGcasa solution is the amide IV band, closely followed by the amide III band. The weakest band in both solutions is the amide II band. This suggest that the O=C-N band experiences a greater SERS enhancement and thus would also suggest an orientation of the molecule where the O=C-N is both closer to and nearly normal to the metal surface, thus experiencing maximum enhancement. That the second strongest band differs between the two solutions could mean that the orientation of the molecule adsorbed to the nanoparticle has changed.
As mentioned in the section, Setup and Spectra, the pH of the C12-HSL in ABtGcasa is assumed to be approximatly 7, [19] but it is not fixed and thus could be higher. At higher pH C12-HSL could undergo hydrolysis, resulting in opening of the lactate ring. In the study of Pearman et al. hydrolysis was investigated and the following new additional peaks observed: 1270 cm 1 attributed to carboxylic CO stretch band and 1432 cm 1 to a combination band, the latter due to carboxylic CO stretch and OH deformation [19] . None of these bands are found in the spectra in our study, thus we assume that no hydrolysis is occurring. Since hydrolysis halftime is found to be 27 hours for a pH of 7.2 and the longer acyl chain of C12-HSL makes it less susceptible to hydrolysis, we would not expect to see any signs of hydrolysis in our experimental conditions.
When inspecting the spectra of the C12-HSL in water in Fig. (8) the intensity of the spectra can be seen not to drop with decreasing concentration. The highest intensity is found in the spectrum for the highest concentration, 20 M. From 20 M the intensity of all the peaks decreases with concentration until the concentration of 200 nM. At 20 nM the intensity level rises above the intensity levels of 200 nM and 2 M. The intensity rising for 2 nM and hereafter decreasing for 0.2 nM. This non-linearity can be seen in Fig. (11) . The peak height at 612 cm 1 , corresponding to the O=C-N bending vibration, and the peak heights of the amide I-IV bands are plotted against the different concentrations. All monitored peaks follow the same trend. In the case of C12-HSL suspended in water the intensity of the spectra seems to stop decreasing at around the concentration 200 nM. The decrease in intensity with falling concentration until 200 nM is what one would expect because the silver surface area has less molecules adsorbed. However the fall can also be seen to be non-linear, which is seen in literature and thus why a small concentration range is often chosen [40, 42] . After 200nM the intensity increases until 2 nM. The increase in enhancement for the low concentrations could be explained by the existence of hot spots in the cluster structures, caused by thermally and Fig. (10) . SERS of C12-HSL suspended in ABtGcasa medium (a) and for C12-HSL suspended in water (b) at 0.2 nM. The spectra of the lowest concentrations from Fig. (8f) (b) and Fig. (9f) (a). (for interpretation of the references to color in this figure legend, the reader is referred to the web version of this paper). Fig. (11) . The peak intensity height for the 5 strongest peaks are followed through the different concentrations and plotted against the concentration. Here for the C12-HSL in water. non thermally activated diffusion of molecules into and out of hot areas, or trapping and release of molecules in high-field gradients [39] . It could also be due to the different adsorption geometries that can exist at different concentrations, as seen in [40, 41] . A major problem in SERS is not only the difficulty in reproducing the amplification processes and variations in colloid sizes and shapes, but also the orientations of the adsorbed molecules on the colloid surfaces and whether they change orientation due to pH or other factors which may be changing. The same strange behavior is seen in C12-HSL in ABtGcasa, as can be seen in Fig. (12) .
To be able to use SERS to observe the change in concentration of signal molecules in bacterial cell cultures the technique has to be quantitative. This behavior is not achieved in this experiment, at least not over the many decades wanted. In conventional Raman all bands would scale linearly to our concentration, which is unfortunately not the case for SERS. Furthermore, since Ag ions and Ag nanoparticles have been shown to be toxic to bacteria [43] future work should use coated Ag nanoparticles. The coatings could be polymers or antibodies and be designed to capture as well as protect the bacteria. The coating procedure has been successfully used in order to measure SERS spectra of unique or rare cancer cells [44] .
CONCLUSIONS
We have demonstrated that it is possible to detect the signal molecule C12-HSL down to a concentration as low as two tenths of a nM. This is obtained in water and for the first time in ABtGcasa medium. The addition of ABtGcasa medium was shown to not interfere with the vibrations of C12-HSL. The first step towards using the SERS method for in situ measurements of low AHL concentrations in biofilms is thus met. However, to be able to deduce the AHL concentration from the SERS spectrum it is necessary to have quantitative measurements. This warrants further investigation.
